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ABSTRACT: Van der Waals (vdW) heterostructures have recently emerged as a promising artificial 

structure for nano-electronic and optoelectronic applications. In this work, we present electronic and 

phototransistor properties of BP/SnS0.5Se1.5 heterostructures. The backward diode behavior in the output 

characteristics reveal that the heterojunction is type-III broken-gap band alignment. Moreover, an 

unusual gate tuned plus-minus photoresponse characteristic is demonstrated. The positive photocurrent 

emerges at negative gate, while a negative photocurrent appears when a positive gate is applied. In 

addition, this effect can be tuned by the channel length of each material. Such devices demonstrate a 

promising potential in future electronic and optoelectronic applications. 
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Since the discovery of graphene, two-dimensional (2D) materials become as an attractive research 

topic due to the rich fundamental physics and wide application potential.1-3 However, the characteristic 

of graphene with zero bandgap restricts its extensive prospect to surpass the traditional semiconductor 

devices, such as p-n junction transistors and logic circles.4 Therefore, active research interest arises in 

the area of transition-metal dichalcogenides (TMDCs) that possess tunable bandgap.5,6 For instance, the 

band gap of MoS2 can change from indirect to direct bandgap as the thickness decreases from bulk 

towards single layer, and it also shows good mobility and on/off ratios.5 As time goes on, black 

phosphorus (BP) is paid close attention because of its tunable direct band gap ranging from ∼0.3 eV for 

bulk to ∼2 eV for monolayer and excellent electronic property.7-9 

Recently, van der Waals (vdW) heterostructures composed of 2D layered materials have become as 

a novel artificial structure family that exhibits many new physics phenomena and function.10-20 Unlike 

usual three-dimensional (3D) semiconductor heterostructures with strict and difficult epitaxy growth, 

high-quality 2D heterostructures can be easily created by stacking kinds of nanoflakes as the absence of 

lattice mismatch and dangling bonds on surface.17 Among the vdW heterostructures, photodetective 

heterostructures with simple fabrication, wide detective range, and excellent performance have been 

studied.21-31 The BP/MoS2 heterostructure displays detective ability from visible to near-infrared light 

owing to the combination of two materials.21 The ultraviolet to near-infrared photodetector of p-GaSe/n-

InSe vdW heterostructure contacted with graphene shows fast rise and decay time (∼2 μs).22 As a result, 

multiple 2D materials association in a device can be employed to realize better photoresponsive 

performance, indicating a heterostructure of new incorporation may present a combined effect. Lately, 

the photoresponsive behavior of BP has also been focused.32,33 Negative photocurrent of BP device is 

discovered due to the decrease in conductivity when heated by optical absorption.33 The 

photoresponsivity reaches a high value of nearly 100 A/W when at -4 V gate voltage with a laser 

wavelength of 830 nm. On the other hand, n-type SnSSe exhibits excellent phototransistor performance 

of 4480 A/W for the 633 nm irradiation at 0.326 mW/cm2 with a 10 V bais voltage.34 SnS0.5Se1.5 which 

also belongs to the ternary 2D crystal SnS2−xSex system would display better photocurrent property.35 

The combination of two materials would demonstrate novel photoresponsive property. However, there 

is no report on BP/SnS0.5Se1.5 heterostructures. 

In this study, we report the electrical transport and photoresponsive properties of vdW 

heterostructures assembled of SnS0.5Se1.5 and BP. Tunneling electron effect was found in the devices. 
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The appearance of transfer curve relates with the existence of illumination. An unusual gate tuned 

phototransistor is observed, i.e. a gate tuned plus-minus phototransistor. Under negative gate, positive 

photocurrent appears and photoresponsivity can be modified. When a positive gate is applied, 

photocurrent becomes negative and can be also tuned by the gate.. Moreover, the photoresponsive 

property can be modulated by the channel length. Our results demonstrate a promising heterostructure 

for electronic and optoelectronic devices. 

RESULTS AND DISCUSSION 

Figure 1a demonstrates the schematic diagram of vdW heterostructure consisting of few-layer SnS0.5Se1.5 

and BP on the HfO2/Si substrate. Part of SnS0.5Se1.5 is overlapped with BP to form the heterostructure. 

On the Si surface, 30 nm HfO2 with high-k gate dielectric is used to enhance the ability of gate control. 

Figure 1b presents an optical microscopic image of a typical heterostructure device. There are four 

electrodes connecting with SnS0.5Se1.5, named as S1 to S4, and seven electrodes connecting with BP, 

recorded as D1 to D7. Figure 1c shows surface morphology measured by atomic force microscope 

(AFM). Thicknesses of BP flake and SnS0.5Se1.5 flake are determined to be 15 nm and 10 nm, 

respectively (Figure 1d). Raman spectra of SnS0.5Se1.5 section, BP section, and junction sections are 

shown in Figure 1e. The spectra peaks of Eg(Se-Sn) (122.8 cm-1), A1g(Se-Sn) (192.5 cm-1), and A1g(S-Sn) (192.5 

cm-1) are observed in SnS0.5Se1.5 section, indicating a good quality of the thin film.36 Three characteristic 

peaks of BP are measured and consistent with previous studies.21 All peaks in individual material present 

in the junction Raman results, manifesting the formation of heterojunction. 

Electrical transport studies of the heterostructure device were carried out under darkness first. 

Figure 2a,b present the output (Ids-Vds) and transfer characteristics (Ids-Vg) of the device, respectively. BP 

shows bipolar semiconductor characteristic and SnS0.5Se1.5 possesses n-type property in the experiment. 

The transfer characteristics results of each material in the device are plotted (see Supporting Information, 

Figure S1). BP presents p-type behavior when applied a negative gate voltage (Vg), while SnS0.5Se1.5 

shows n-type behavior at all range of Vg. To understand the carrier transport mechanism in the 

heterostructure, rectification ratio as a function of Vg is shown in inset of Figure 2a. It increases slowly 

from 0.2 to 1.6 as Vg increases. Backward diode behavior (rectification ratio < 1.0) is observed when a 

negative Vg is applied, which is different from the ordinary p-n junction. Such diode behavior under 
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negative Vg indicates that the band arrangement at the heterojunction interface is type-III broken-gap 

band alignment.13 

Based on these results and previous work considering a similar structure,13 the band alignment 

diagram near the junction is shown in Figure 2c. Under a forward bias voltage (Vds > 0 V), electrons can 

tunnel from the side of SnS0.5Se1.5 to BP. While, electrons can tunnel inversely when a reverse bias 

voltage (Vds < 0 V) is applied. Because of the weak rectification ability at different Vg and the backward 

diode behavior (inset of Figure 2a), tunneling electrons makes greater contribution to the current (Ids) 

than other forms, such as electrons diffusion. In addition, the rectification ratio is higher (lower) than 1.0 

when Vg > 0 (Vg < 0), indicating electrons tunnel more easy (hard) under forward bias compared with the 

case under reverse bias. 

In Figure 2b, the trend of transfer curves (Ids - Vg) is not monotonous at a fixed forward bias. When 

a forward bias Vds = 0.1 V is applied, current transfer curves can be divided into four regions based on 

the Vg. Current shows extreme points when Vg = -2 V and 3.5 V. In a qualitative manner, the trend of 

transfer curves of heterostructure can be regarded as a superposition of the each material trend (see 

Supporting Information, Figure S2a). In region I (-5 V < Vg < −2 V) and region II (-2 V < Vg < 0 V), the 

rise and fall of Ids result from the competition of carriers in two materials. In region III (0 V < Vg < 3.5 

V) and region IV (3.5 V < Vg < 5 V), the increase and decrease of Ids are caused by the change of the 

carriers in BP. As a result, two current peaks appear. BP in the device shows ambipolar behavior with 

strong p-type at negative gate and weak n-type at positive gate (0 V < Vg < 3.5 V) (Supporting 

Information, Figure S1b). Then, it presents p-type again under large gate (3.5 V < Vg < 5.0 V), inferring 

the decrease of holes exceeds the saturated increase of electrons. 

Next, the characterizations of gate modified photoresponsive properties were taken. Figure 3a 

shows transfer curves (Ids - Vg) of BP/SnS0.5Se1.5 heterostructure under enhanced intensity of ultraviolet 

(λ = 365 nm). In darkness, the device contains double ‘on’ state behavior with two peaks in transfer 

curve. In comparison, it shows single ‘on’ state characteristic as long as turning on light. At negative Vg, 

current increases by enhancing the illumination intensity due to the rise of photo-induced carriers. This 

rule is also obeyed at positive gate, but it causes minus photoconductivity. In order to explain this 

phenomenon, we measured the photoresponsive effect of each material (Figure 3b,c). The current under 

light (Ilight) of SnS0.5Se1.5 raises with increasing the illumination intensity due to the photo-induced 

electrons inside. While, the Ilight of BP under positive Vg reduces compared with the dark current (Idark), 
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i.e. the photocurrent (Iph = Ilight - Idark) is negative. The photo-induced carriers emerge in BP under light, 

and the recombination of holes and electrons takes place efficiently, causing the reduction of current. In 

view of the photoresponse appearance of each material, the heterostructure transfer characteristics under 

light can also be treated as the overlapping effect of each material under light (Supporting Information, 

Figure S2b). 

Furthermore, the gate tuned photoresponsive performance is focused. The photoresponsivity (R= 

Iph/PS) of the heterostructure as a function of Vg under different illumination intensity is plotted in Figure 

3d, where P is laser power, and S stands for the effect responsive area. The data of Iph is obtained from 

Figure 3a. In Figure 3d, photoresponsivity is modified by both negative and positive Vg. Under negative 

Vg, the relation of positive R and Vg corresponds to the left partial of Figure 3a. Iph rises first and falls to 

zero when Vg is close to zero which results from the competition of carriers in two materials. While 

under positive Vg, Iph falls to negative value and leads to negative R. High photoresponsive performance 

appears at Vg= -2.4 V (203 A/W) and Vg = 2.8 V (-450 A/W). Therefore, a gate tuned plus-minus 

phototransistor is presented. Besides, the dependence of detectivity (D*=RS1/2/(2eIdark)1/2) and 

photocurrent ratio (Iph / Idark) on Vg (see Supporting Information, Figure S3). Both can be tuned by Vg. 

For instance, when a laser of 17.65 mW/cm2 is appield, their Log results decrease linearly under minus 

Vg and keep invariant at a wide range of plus Vg. 

Finally, we focus on the gate modified photoresponsive properties in relation with different channel 

lengths. Transfer characteristic with increased BP channel length (LBP) under darkness and illumination 

are shown in Figure 4a,b, respectively. The source electrode is fixed at electrode-S4, while drain 

electrode changes from electrode-D1 to electrode-D7, as marked in Figure 1b. Namely, the channel 

length of SnS0.5Se1.5 (Ln) is fixed at 3.4 µm, and LBP increases from 1 µm to 12 µm. The Device-S4D6 

representing long LBP has been discussed above. Figure 4a demonstrates that the double ‘on’ state 

behavior only occurs when LBP is long enough (i.e. Device-S4D6 and Device-S4D7). It’s coordinated 

with the behavior explanation that BP competes (Vg < 0 V) and dominates (Vg > 0 V) in darkness. When 

the LBP is not long adequately (i.e. Device-S4D1 ~ S4D5), the heterostructure transistor only shows n-

type owing to the dominance of SnS0.5Se1.5. In Figure 4b, the Device-S4D1 ~ S4D3 only show n-type 

under illumination when LBP is short. While, other devices (Device-S4D4 ~ S4D7) behave single ‘on’ 

state. These results also follow the explanation of BP competition role (Vg < 0 V) and domination role 

(Vg > 0 V) under illumination. Figure 4a,b shows the appearance of transfer curve bases upon LBP. The 
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LBP can determine it presents monotonous behavior or ‘on’ state. 

The photoresponsive performances for increased LBP are shown in Figure 4c. When LBP is short 

(Device-S4D1, Device-S4D2), the photoresponsivity increases due to the dominance of SnS0.5Se1.5. The 

photoresponsivity can be tuned from 20 A/W to a high value of 5085 A/W by gate control, indicating 

good photoresponsive behavior of n-type material in the heterostructure. For the devices with longer LBP, 

photoresponsivity fluctuates and negative photocurrent can also be discovered. It demonstrates the 

behavior of gate tuned phototransistor is influenced by the channel length. The advantage of such a 

device is that multiple functional phototransistor can be well controlled by simply switching the channel 

length in one structure without other procedure. 

The photoresponsive properties with different Ln are studied. The LBP is fixed at a long length of 12 

µm and Ln increases from 1.4 µm to 3.4 µm. In Figure 4c, they all behave double ‘on’ state under 

darkness. In Figure 4d, the single ‘on’ behavior is occurred under light. Then, the Vg dependence of R is 

shown in Figure 4f. The photoresponsive performance also can be tuned by gate and negative R appears. 

It demonstrates the behavior of gate tuned plus-minus phototransistor. Besides, similar negative 

photocurrent phenomenon also happens in the other heterostructure sample (see Supporting Information, 

Figure S4). Its transfer curves under darkness behaves double ‘on’ state anti-ambipolar behavior with 

two peaks. While it becomes single ‘on’ state anti-ambipolar under illumination. Negative photocurrent 

occurs when a small positive gate is applied. The logic transport is also studied, and three states exist in 

the device (see Supporting Information, Figure S5). Under darkness, the output voltage (Vout) doesn’t 

decrease to minimum value. While three states behavior is found under illumination. 

CONCLUSION 

In summary, we demonstrate detailed photoelectric studies of the vdW heterostructure composing of 

SnS0.5Se1.5 and BP. The heterojunction shows a type-III broken-gap band alignment which is caused by 

electron tunneling. In darkness, the device behaves double ‘on’ state behavior with two peaks in transfer 

curve, while it becomes single ‘on’ state under illumination owing to the competition of two parts. This 

‘on’ state effect shows potential in future double frequency application. At the same time, a gate tuned 

plus-minus phototransistor with both positive and negative photocurrent is presented. i.e. the plus 

photoresponsivity varies with negative gate, while the minus photoresponsivity changes under negative 
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gate. Moreover, different channel lengths affects the transfer and photoresponsive property due to the 

dominance contention of each material. These meaningful photoresponsive phenomenon could be 

instructive for optoelectronics. 

METHODS 

Device Fabrication. BP/SnS0.5Se1.5 vdW heterostructures were obtained by all-dry deterministic 

transfer method. First, 30 nm Hafnium Oxide (HfO2) with high-κ dielectric grown by atomic layer 

deposition (ALD) was deposited on a silicon wafer. Second, thin flakes of SnS0.5Se1.5 and BP were 

mechanically exfoliated on PDMS using micromechanical cleavage approach, respectively. Third, 

SnS0.5Se1.5 was transferred from the PDMS onto HfO2 substrate under microscope (Olympus BX 51M). 

The binding force between nanoflake and HfO2 was stronger, so it stayed on the substrate when PDMS 

was peeled off. Fouth, BP was deterministically transferred from PDMS onto SnS0.5Se1.5. Fifth, Ni (10 

nm) /Au (50 nm) metal electrodes were fabricated by electron-beam lithography and electron-beam 

evaporation. Finally, a drop of PMMA was dripped on the device to protect it from oxidation after lift-

off process. 

Device Characterization. Thickness of the flakes was determined by atomic force microscope 

(AFM) analysis. Raman spectra (Labram HR 800, 532 nm excitation laser) was used to characterize 

material quality. The electrical transport measurements were carried out by Keithley 2612B and 2400 at 

room temperature. 

ASSOCIATED CONTENT 
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Transfer characteristics of each material in the heterostructure under darkness (S1); transfer 
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Figure 1. (a) Schematic diagram of vdW p–n heterostructure consisting of BP and SnS0.5Se1.5 on HfO2/Si 

substrate. (b) Optical microscopic image of heterostructure, in which the scale bar is 5 μm. The 

electrodes of S1 ~ S4 stand for source electrodes touching with SnS0.5Se1.5, and D1 ~ D7 represent drain 

electrodes contacting with BP. The source electrode is connecting to the ground (GND), and bias voltage 

is applied on the drain electrode. (c) AFM image of the device, in which the scale bar is 5 μm. (d) Height 

profile along black line, indicating the thickness of bottom layer (SnS0.5Se1.5) and top layer (BP), 

respectively. (d) Raman spectra of the SnS0.5Se1.5 section, BP section , and BP/ SnS0.5Se1.5 heterojunction 

section. 
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Figure 2. (a) Output results (Ids-Vds) of the heterostructure between the electrode-S4 and electrode-D6 

(Device-S4D6), in which the gate voltage increases from -5 V to +5 V (step = 1V). (b) Transfer 

characteristics (Ids-Vg) of the device under the same measure electrodes, in which the bias changes from 

0.1 V to 1 V (step = 0.1V). (c) The band alignment diagram near the junction. 
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Figure 3. (a)-(c) Transfer curves of BP/SnS0.5Se1.5 heterostructure (Device-S4D6), independent 

SnS0.5Se1.5 (Device-S1S4), and independent BP (Device-D4D7) under increased intensity of 365 nm 

laser. The laser power is increased from 0 to 83.8 mW/cm2. (d) The photoresponsivity of the 

heterostructure as a function of gate voltage at different illumination power (0.55 mW/cm2 ~ 83.8 

mW/cm2). 
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Figure 4. (a)-(b) Transfer curves of the heterostructure with increased BP channel length (LBP) in the 

darkness and under illumination (P = 0.55 mW/cm2), respectively. The channel length of SnS0.5Se1.5 (Ln) 

is 3.4 µm, and LBP increases from 1 µm to 12 µm. Bias is fixed at 0.1 V. The range of y-axis in these two 

graphs is 0 ~ 2 µA. (c) The photoresponsivity of the heterostructure as a function of gate voltage with 

increased LBP at the illumination power P = 0.55 mW/cm2. (d)-(e) Transfer curves of the heterostructure 

with increased Ln in the darkness and under illumination (P = 0.55 mW/cm2), respectively. The channel 

length of LBP is 12 µm, and Ln increases from 1.4 µm to 3.4 µm. 0.1 V bias is applied. The range of y-

axis in these two graphs is 0 ~ 2 µA. (f) The gate dependence of photoresponsivity with increased Ln at 

the illumination power of 0.55 mW/cm2. 
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